Introduction
An artificial lung, known as a blood oxygenator, has been developed to provide temporary respiratory support during surgery or healing process and potentially to replace the entire pulmonary system. To date, microporous hollow fibre membrane oxygenators have become the most common type of oxygenators in the market due to their large gas exchange surface area [1, 2] . Blood enters the device through the inlet port and flows across or along a microporous hollow fibre bundle, where pure oxygen (O 2 ) or a mixture of room air and O 2 flows through the lumen of the fibres and gas exchange occurs at the surface of the microporous membrane, before exiting the device through the outlet port. The current consideration aspects of designing blood oxygenators that motivate ongoing researches include minimising the blood contacting surface area of the fibres (reducing blood trauma) and priming volume whilst maximising the gas transfer per unit volume to achieve better oxygenation efficiency.
The overall mass transfer coefficient is one of the important elements to quantify mass transfer rate in an oxygenator for design evaluation and manufacture. The coefficient has three principal additive components; the first representing the gas-side, the second being the membrane-side and the last correspond to the blood-side [3] . The overall mass transfer coefficient is usually described through the mass transfer correlation which consists of non-dimensional mass transfer expressions, namely the Sherwood (Sh), Reynolds (Re) and Schmidt (Sc) numbers. The expression is often seen in the form Sh = aRe b Sc 0.33 for flow across bundles of hollow fibre membranes (transverse flow). The mass transfer correlation for flow along fibre bundles (parallel flow) appears in two different forms. The first form is similar to the expression for transverse flow where the flow and concentration profiles are considered to be fully developed [4] . However, when considering the development of flow and concentration profiles, the mass transfer correlation is commonly expressed as 33 or Sh = aGz b , using the Graetz number (Gz = (d h /L) Re · Sc) [5] . The a and b parameters are commonly determined through fittings of experimental data conducted at a wide range of Re. These experiments are conducted with water using commercial oxygenators [6] [7] [8] [9] [10] [11] [12] [13] or oxygenator prototypes [6, [14] [15] [16] [17] . To the authors' best knowledge, the development of mass transfer correlation for O 2 is well established for transverse flow in blood oxygenators and no information is available in the development for CO 2 mass transfer correlation. In contrast, limited experimental investigations have been conducted in the development of parallel flow mass transfer correlation of O 2 for blood oxygenators. Summary of mass transfer correlations from the literature are tabulated in Tables 1 and 2 for transverse and parallel flows, respectively.
Although these experimental studies have led to practical correlations in the evaluation of blood oxygenators, it is well known that the parameters are dependent on the fibre arrangement, device porosity as well as the flow direction and as a result, they are unique to a particular device. Furthermore, detailed insight and understanding on the underlying phenomena
is not yet attained. As a result, Computational Fluid Dynamics (CFD) is an attractive tool to compliment the experimental approaches. There are some researchers who investigate the mass transfer performance in blood oxygenators by employing a BIO-16-1262 Low et al.
porous model approach [18] [19] [20] . However, the mass transfer correlations used in those works are adopted from the mentioned above which may not represent their respective device characteristics appropriately. Therefore, several research groups have focussed on a more fundamental flow and mass transfer analysis which involves investigation of blood flow and mass transfer past fibre bundles with different fibre configurations. Baker et al. [21] predicted gas transfer for non-Newtonian blood flow along a staggered arranged fibre array but no further analysis on local behaviour of flow and gas transport are performed.
Dierickx et al. [22] studied the non-Newtonian blood flow behaviour (Casson model) past three different fibre configurations with porosity (ε) and Re ranging from 0.4 to 0.6 and 1 to 60, respectively. They then extended their work [23] to include O 2 transport in water and validated it against three commercial blood oxygenators. Taskin et al. [24] incorporated hollow-fibre membrane walls to study non-Newtonian blood flow behaviour and O 2 transport past a single fibre, a staggered array of fibres and a mini-oxygenator prototype. Zierenberg et al. [25, 26] studied the fluid flow and mass transport past a circular cylinder for Newtonian and non-Newtonian fluid as a basis of designing an artificial lung device. Steady state and pulsatile flow were simulated and the effect between Newtonian and Casson (non-Newtonian) fluids on the flow behaviour and local O 2 transport was investigated. The single fibre investigation is then extended to an array of square and staggered arranged fibres by Chan et al. [27] to study O 2 and CO 2 transport using a Casson fluid. The ε and Re range considered are 0.5, 0.65 and 0.8 and 1, 5 and 10 respectively. In both works, they showed that either pulsatility, increased Re or decreased ε improves gas transfer. Furthermore, they found that a staggered configuration achieves greater gas transfer and lower pressure drop than a square arrangement. Zierenberg et al. [28] subsequently performed investigations of O 2 and CO 2 transport for rectangular and staggered fibre configurations. The ε range studied includes 0.5, 0.61 and 0.74 with Re ranging between 1 and 20. They reported the Sh for both steady and pulsatile flows are approximately equivalent. They also showed that pressure drop, shear stress and Sh decreases as ε increases. More importantly, they deduced that a compromise between pressure drop, shear stresses and gas transport is required as high pressure drop and shear stresses lead to high Sh and vice versa.
Despite good efforts in analysing the oxygenation behaviour in fibre bundles, suitable mass transfer correlations have not been identified that can help bridge the gap from local mass transfer studies to full-device analysis. Therefore, in this current work, we seek to address this shortcoming. In this present context, we look to numerically investigate the non-Newtonian blood flow and gas transport behaviours on an array of fibres arranged in square and staggered manners at various porosity levels subject to transverse and parallel flows. This investigation focus on low Re regime (Re < 10) which complies to the range reported by Zierenberg et al. [26] for commercial oxygenators. Furthermore, we aim to provide a generalised mass transfer correlation that can be utilised at an oxygenator scale to predict the oxygenation performance.
The layout of the current work is as follows: First, an outline of the methods is provided followed by the governing equations for fluid flow and oxygenation in fibre bundles. Numerical setup for the flow and oxygenation simulations are then described. All these are laid out in Section 2. The findings are presented in Section 3 which includes numerical validation, flow and mass transfer behaviour and finally, the identification and discussion on the developed mass transfer correlations.
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Materials and Methods
In this present work, the fibres are 380 µm in diameter (d) and assumed to be uniformly arranged periodically in which a representative unit cell can be utilised to provide a basic building block for the investigation of blood flow and mass transfer. Fibres in the unit cell are considered to be arranged in two different idealised manners, namely square and staggered (equilateral triangle), illustrated in Figure 1 . The porosity of the unit cell adopted ranges from 0.3 to 0.7 in increments of 0.1 which covers the typical range for commercial oxygenators [26] . Furthermore, the Reynolds number range in this investigation is assumed to be in low regime (Re ≈ 0.1 − 10) which is also within the typical operating conditions found to be ranging from 0.6 to 12 [26] .
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Low et al. Illustration adopted from [31] . The annotations d and Sp. are the fibre diameter and spacing respectively.
Governing equations for fluid flow
The conservation of mass and momentum for an incompressible steady flow, expressed in a Cartesian coordinate system, is given as
where
T , ρ, P and τ τ τ denote the gradient operator, velocity vector, fluid density, pressure and viscous stress tensor. The term τ τ τ can be expressed as
where µ is the dynamic viscosity of the fluid and D D D is the rate-of-strain tensor. The Quemada model is employed to model the non-Newtonian blood behaviour due to its flexibility. It shows sufficient flexibility through its explicit coefficients that could account for various important elements affecting the blood viscosity [32] . Hence, the shear rate dependent viscosity is given by [33] 
where µ p is the blood plasma viscosity, c 0 is the rate of rouleaux formation at zero shear, c ∞ is the rate of rouleaux formation at infinite shear, H ct is the Haematocrit index,γ denotes the shear rate andγ crit denotes the critical shear rate. The parameters in the Quemada model are extracted from the work of Marcinkowska-Gapińska et al. [32] where µ p = 0.00128 Pa·s, c 0 = 4.01,
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Governing equations for oxygenation
In this work, the mathematical expression for the total amount of gas in blood is adopted from the work of Chan et al. [34] . The mathematical formulations for both O 2 and CO 2 are being expressed as physically dissolved and chemically bounded to haemoglobin. The total gas molar concentration is expressed as
where C is the gas molar concentration, α is the gas solubility, P is the partial pressure, H b is molar concentration of gas that is bound to haemoglobin and S is the gas saturation. The subscript i denotes the gas species, which are O 2 or CO 2 .
With the assumption that the reaction of both gases with haemoglobin occurs instantaneously, the gas saturations are being described by two separate dissociation curves (Hill-type equation). Both dissociation curves are known to be a function of their opposing gas concentration, pH, temperature and 2,3-diphosphoglycerate [35, 36] , which is not covered in the current scope of the work. Nevertheless, the Bohr and Haldane effects, whereby the CO 2 affects the affinity of the O 2 dissociation and vice versa respectively, are accounted in this current work and are written as
where their respective parameters are tabulated in Table 3 . It should be noted that the subscript j also refers to their respective gas species but in such a way that i = j. To model the oxygenation process in blood oxygenators, the molar concentration of O 2 needs to be higher and CO 2 to be lower at the fibre surface than the molar concentration in blood. Moreover, as blood flows past the surface of the fibres, a region is being developed due to the difference in concentration with the existence of concentration gradients. This developed region is known as the concentration boundary layer. The oxygenation process in blood is governed by the convection-diffusion equation [26, 34] , expressed as
where D eff and D rbc are the effective diffusivity of free O 2 in blood and diffusivity of red blood cells respectively. Expanding
Eqn. 5 into Eqn. 7, the resulting equation yields Table 3 . Gas transport parameters for blood. The concentration unit can be converted from mL/mL to mol/L by a factor of 0.045.
The term on the left represents the convection of dissolved gas species and bounded to haemoglobin. The terms on the right hand side are interpreted as the diffusion of dissolved gas species and the diffusion of red blood cells to allow for the formation of oxy-haemoglobin, respectively in blood. When H b = 0, Eqn. 8 will therefore represent a gas transport equation of a fluid without the presence of haemoglobin.
Oxygenation transfer evaluation
The overall oxygenation performance in a blood oxygenator is evaluated based on an important parameter known as the overall mass transfer coefficient [3] . This assessment can be computed through the gas transfer rate (V ) which is expressed
where k denotes the overall mass transfer coefficient, A represents the total fibre membrane area and ∆C is overall concentration difference between fibre surface and blood. The overall mass transfer coefficient can alternatively be known as the overall mass transfer resistance and has contributions from the mass transfer coefficients in blood (k b ), across the membrane (k m ) and inside the fibre (k g ). It was reported that the influence of both k g [29] and k m [3] were negligible in the calculation of the overall mass transfer coefficient and therefore k ≈ k b . The overall mass transfer coefficient is commonly obtained through experiments for an entire device [7] [8] [9] . However, in this current work, the computation of k is based on a representative fibre and is taken as the surface averaged local mass transfer coefficient which involves combining expressions from Fick's law BIO-16-1262 Low et al.
and an analogous equation similar to Newton's law of cooling for mass transfer [37, 38] which can be written as
where n n n is the unit vector normal to the fibre surface and the subscripts 'f' and 'in' refer to the fibre surface and inlet respectively. results, the local Sherwood number (Sh L ) on a fibre surface is initially evaluated and can be written as
where r denotes the fibre radius. In order to assess the overall gas contribution, the surface averaged Sherwood number (Sh) along a fibre surface for O 2 and CO 2 can be expressed as
The computed Sh will then be treated as a basis to construct mass transfer correlations, including various fibre configurations and flow directions, that could be used at the oxygenator scale. The computed Sh is initially rearranged and plotted against Re 
Numerical setup
Transverse flow simulations are performed two-dimensionally (2D). Based on the recommendations from the work of Chan et al. [27] and Zierenberg et al. [28] , the domain will consist of 20 unit cells linked together along the flow direction. This is to account for the possible impact of gas transfer in one fibre induced towards the adjacent fibres [28] . In contrast, a unit cell is only considered for parallel flow simulations which are conducted in three-dimensions (3D). The domain is BIO-16-1262 Low et al.
extended to a millimeter thick to allow flow to be fully developed. The computational grid for the transverse flow simulations consists of unstructured hexahedrons with the density being increased exponentially towards the fibre surface in order to fully capture the velocity and gas concentration gradients. The computational grid for parallel flow simulation has an extrusion of structured hexahedrons adopted from the transverse flow grid.
Boundary conditions for the governing equations of fluid flow involve a uniform velocity that is prescribed at the inlet and a pressure of zero at the outlet. An averaged velocity (u) is initially computed and the prescribed inlet velocity is being scaled depending on ε in order to consistently maintain Re (= ρud/µ). For transverse flow, the velocity is scaled based on the ratio of spacing over the gap. The scaled inlet velocity for parallel flow is being divided by its porosity. This scaled velocity is known as the superficial velocity. Furthermore, no-slip boundary conditions are imposed along the fibre walls and symmetric boundary conditions are imposed on other undefined regions. Next, boundary conditions for gas transport The computer-aided design model geometry is generated using SolidWorks ® and imported into the Meshing module of ANSYS Workbench v14.5 [40] to perform spatial discretisation. The steady state simulation is performed using ANSYS Fluent ® [40] . The software utilises a cell-centred finite volume method. The governing equations are discretised using a second order upwind scheme and coupling between velocity and pressure is achieved by using the standard PISO algorithm. A mesh sensitivity study is conducted for transverse flow setup by comparing the computed pressure drop, maximum velocity and Sh for O 2 and CO 2 from the 19 th fibre using a square fibre arrangement of porosity 0.7 and 0.3 at Re = 10. The relative error, e for each variable is defined as
where ψ is the variable, subscripts i and N denote the mesh number and finest mesh respectively. The mesh convergence study for both porosities are tabulated in Table 4 . It can be seen that all four monitoring variables decrease when the number of elements increases. Thereafter, all the simulations are based on mesh M4, which ensures a good precision at a reasonable computational cost. Next, the porosities and their respective mesh sizes used in the transverse flow mesh sensitivity study is adopted for parallel flow. Again, the computed pressure drop, maximum velocity and Sh for O 2 and CO 2 are monitored for BIO-16-1262 Low et al. Table 5 . Parallel flow mesh sensitivity study for square arranged fibres of porosity 0.7 and 0.3 at Re = 10.
mesh convergence and their errors are tabulated in Table 5 . Based on this, it can be seen that mesh M3 can be considered to be converged as the relative errors are below 2%. Mesh sensitivity studies of transverse and parallel flows were not performed for staggered arrangement. However, mesh size is kept consistent with the chosen mesh used for square arrangement to ensure good accuracy.
Results and Discussions

Numerical validation
A numerical validation is performed using Newtonian fluid with two objectives. Firstly, it is to ensure that the simulation results can reproduce findings from the literature for a wide range of ε, flow direction and fibre arrangement. Secondly, it is to ensure that the Re range studied in this investigation is in the low Re regime (Stokes regime) in which Darcy's equation is valid, where the relationship between the volume-averaged velocity through a porous media and the pressure drop is linear.
Newtonian blood is being considered which has a density of 1050 kg/m 3 and a dynamic viscosity of 0.00345 Pa·s [41] .
The results obtained are validated against analytical formulations from Gebart [42] and Tamayol with the analytical formulations. This also proves that the Re used in this investigation is performed under the consideration of minimal or no inertia effects which is within the range reported by Dierickx et al. [22] showing a value of 9.2 and Coulaud et al. [44] reporting the value of 13.
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Concentration development analysis
It is known that the respective concentration will gradually increase (for the case of O 2 ) or decrease (for the case of CO 2 ) while travelling through the domain. In other words, the concentration gradients in the vicinity of the fibre surface will gradually decrease until blood is fully oxygenated (zero concentration gradients). This spatial decreasing trend directly affects the mass transfer coefficient/Sherwood number, making it difficult to establish mass transfer correlations for O 2 and CO 2 . Therefore, the current section aims to investigate the development of O 2 and CO 2 concentration fields in blood across and along fibre(s) whereby a representable mass transfer coefficient/Sherwood number for each gas species is sought after to describe the overall effects.
This investigation utilises the computational domain described in Section 2.4 for transverse and parallel flows alongside with their respective boundary conditions. The surface average Sherwood number, Sh, of each fibre is being monitored.
Figures 3(a) and 3(b) illustrate the change in Sh O 2 and Sh CO 2 across (for transvers flow) and along (for paralle flow) the fibre(s), respectively. Furthermore, the normalised concentrations are computed C * ≡ C i /C in,i where the gradual increasing and decreasing for O 2 and CO 2 trends are seen, respectively. It can be observed that the Sh for both O 2 and CO 2 decreases dramatically at the beginning and slowly approaches to a constant decreasing magnitude. Provided that the domain is infinitely long, this trend will progressively head towards equilibrium where the prescribed values at the fibre surface are achieved. Therefore, expressions for Sh can then be established via least squares for each gas species, porosity and flow direction, covering the range from a typical deoxygenated blood up to a fully oxygenated blood condition. The expressions are found to be in the form of power law functions, Sh ⊥,i = φ N −ξ f and Sh ,i = φ z −ξ for transverse and parallel flows, respectively. Their respective fitted parameters are tabulated in Appendix (Section 6). The next step is crucial to obtain a representable Sh describing a specific blood oxygenator. A cut-off point, in terms of fibre numbers or length of fibre, for each flow direction function is introduced to avoid the under-estimation and over-BIO-16-1262
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estimation of Sh. In this work, we have adopted typical commercial oxygenators presented in the work of Wickramasinghe et al. [7] and Dierickx et al. [13] where the fibres approximately 11,000 to 15,000 in total with a length ranging from 12.4 cm and 20 cm. In order to identify a suitable estimation for Sh, we have taken values in between these range and they are 120 fibres across one direction (assuming a square device) with a length of 15 cm. A further averaging procedure is performed for each flow direction to obtain this representable Sherwood number and is written as
Sh i dz for parallel flow; (14) where N f denotes the maximum number of fibres that is perpendicular to the flow direction and L f is the length of fibre. The computed Sh ⊥,i is found to be consistenty situated on the 42nd fibre for transverse flow based on several tests which include various porosity and Re. As for parallel flow, the computed Sh ,i is found to be 5 cm in length. They will be used throughout the remainder of this work as a guidance for the construction of mass transfer correlations of O 2 and CO 2 at various fibre porosities, Re and flow directions. Therefore, this section is deemed to be an important procedure prior to establishing any mass transfer correlation for the device of interest. 
Blood flow and gas transport behaviour analysis
In this section, the results obtained from the set of simulations of square and staggered fibre arrangements are discussed separately for transverse and parallel flow. Contour plots between the 18 th and 19 th for transverse flow and 0.9L for parallel flow are presented to illustrate typical flow, O 2 and CO 2 distributions. The analysis includes a description on the blood flow behaviour where the velocity and shear stress distributions are discussed. This is to identify regions of recirculation and high shear stresses, computed as τ = µγ, as they are linked to the potential occurrence of haemolysis [45] and thrombosis [46, 47] .
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The likelihood of blood trauma is higher in regions where blood is exposed to higher shear, with the threshold reported to be 150 Pa [48, 49] . Furthermore, regions with shear stress greater than 50 Pa is commonly used an indicator of potential platelet activation which could lead to thrombus formation [46, 49] . Next, O 2 and CO 2 transport results are discussed to provide an insight into the oxygenation process with its local gas transfer efficiency. The establishment of mass transfer correlations, based on the aforementioned method in Section 3.2, are presented at the end, which can be used to simulate flow through specific oxygenator designs. These correlations are quantified via least squares with an R 2 correlation. Furthermore, we sought to generalise the fitted correlations through the parameters a and b of the general mass transfer correlation of Sh = aRe b Sc 0.33 for both transverse and parallel flow as much as possible to provide a wider set of applications. The decision to adopt a similar mass transfer correlation for parallel flow is due to the low Reynolds number range of this investigation.
The introduction of the additional term d h /L is to take into account the development of concentration profiles down the fibre [50] which is neglected in this current work due to the low Reynolds numbers typical for blood oxygenators. Streamlines are superimposed onto the normalised velocity magnitude contours to identify regions of recirculation as they could potentially initiate the formation of blood clots [51] , especially in sufficiently small gap regions, and also affect the overall mass transfer performance. At Re = 0.5, corner eddies are first observed close to the fibres in the square configuration of ε = 0.7, as depicted in Figure 4 (a). The size of those two corner eddies will start to increase as the gap decreases until they merge to form one central eddy. The shape of the central eddy will continue to alter as the gap is further decreased up to a point where two additional counter rotating eddies appear close to the fibres. These two additional eddies will subsequently form into one eddy, rotating in the opposite direction with the adjacent eddy, as shown in Figure 4 It can be observed that the partial pressure boundary layers for O 2 and CO 2 appeared to be thicker when Re is low, as illustrated in Figure 5 (a) for ε = 0.7 at Re = 0.5. A thicker boundary layer (low partial pressure gradient) leads to low mass transfer coefficient and hence less efficient gas transfer at the fibre surface. This can be improved as ε decreases as the volume of blood to be oxygenated is reduced, as depicted in Figure 5(b) . Similar trends are applied to staggered configurations in smaller than Sh L,CO 2 due to the higher solubility of CO 2 (at least an order of magnitude higher). At Re = 0.5, the highest Sh L,O 2 and Sh L,CO 2 are observed at the center of the fibre (smaller gap regions) where velocity gradient is high leading to high partial pressure gradient and gas transfer. The upstream and downstream Sh L is not zero which indicates gas transfer activities due to the corner recirculating eddies, as illustrated in Figure 5(i) . However, Sh L,O 2 and Sh L,CO 2 tend to reduce to zero as ε decreases, suggesting that there is a possibility of stagnation region where no gas transfer occurs, see Figure 5 (j).
For staggered arrangement, the shape of the profile is caused by its geometrical nature where flow is less restrictive for ε of 0.7 and vice versa as ε decreases where two peaks of similar magnitude is visible. Furthermore, the upstream Sh L,O 2 and Sh L,CO 2 are seen to be higher compared to the ones downstream, as depicted in Figure 5 (k). However, their values tend to be equal and reducing to zero as ε decreases, see Figure 5 (l).
As Re increases, the partial pressure boundary layer is observed to be thinner (higher partial pressure gradient) leading to higher mass transfer coefficient and as a result more efficient in gas transfer at the fibre surface, see Each point on the graph represents the average Sherwood number and is plotted as a function of Re in a bi-logarithmic format.
According to the results, it is shown that all the mass transfer correlations at each ε and fibre arrangement can be fitted as a linear correlation, in logarithmic form, with an R 2 correlation of 0.99 and above. The power laws used to fit through the data points can be found in Table 6 for square and staggered configurations. It can be observed that the fitted mass transfer correlation expressions for both O 2 and CO 2 are vastly different and no common ground could be found hence it did not seem possible to generalise the two gas types into one expression. However, a further generalisation can be achieved by
Low et al. identifying the correlation between Sh and ε, something that is not explored in the literature a lot. Therefore, parameters a and b (from relation Sh = aRe b Sc 0.33 ) are plotted against ε and presented in a bi-logarithmic format as illustrated for O 2 in Figure 6 (c) and for CO 2 in Figure 6 (d). From the curve fits, the functions a (ε) and b (ε) can once more be described through power laws with an R 2 of 0.99 and above. It should be noted that the relations for parameter a in square and staggered configurations are observed to be different. However, for a given gas (O 2 or CO 2 ) the relations found for parameter b are interestingly very similar between the different fibre configurations. The generalised mass transfer correlations for square and staggered fibre configurations are tabulated in Table 7 for both O 2 and CO 2 and are expressed as power law functions of ε.
Low et al. Table 7 . Findings of O 2 and CO 2 mass transfer correlation for transverse flow past square and staggered fibre arrangements.
Parallel Flow Analysis
Flow: The cases where the flow is perfectly parallel to the fibres are more straightforward to analyse compared to the transverse flow. and shear stress contours for both configurations at Re = 10. As expected, it is evident from the velocity distributions for both configurations that high velocity regions occur in areas of low resistance. Figures 7(e) to 7(h) depict that the highest shear stress region is observed at the wall situated closest to location where the bulk of the fluid flows. Similar to the transverse flow, fluid in contact with the fibre region is large at ε = 0.7 which results in a wide profile of shear stress, illustrated in Figure 7 (e) at Re = 0.5. As ε decreases, the shear stress profile appears to be thinner with a higher magnitude which is caused by the decreasing regions of fluid contacting the fibre (Figure 7(f) at Re = 0.5) which resulted in a large difference in their respective shear stress along the fibre. Similar trends can be observed for staggered configurations with three peaks caused by the nature of the geometry configuration, depicted in Figures 7(g) and 7 (h). The gaps in between fibres are slightly larger at ε = 0.3 than the square configuration resulting in a higher shear stress magnitude. The peak appears at 45 • and 135 • for square arrangements and at 30 • , 90 • and 150 • for staggered configurations. As Re increases, the magnitude is observed to be higher with a clearer profile for all porosities. Low et al. and above. Interestingly, it is observed that porosity 0.3 and 0.4 of the square configuration appear to be steeper slopes for O 2 and CO 2 . This is due to the flow path on the particular small fibre spacing, which can lead to stagnant areas especially at low Re, reducing the gas transfer area. This phenomena improves when Re is increased. The fitted power laws mass transfer correlations are tabulated in Table 8 for square and staggered configurations. Again a generalisation can be performed by identifying the ε dependency of parameters a and b. These correlations are presented in a bi-logarithmic format as illustrated in Figures 9(c) for O 2 and 9(d) for CO 2 . According to the results, the functions a (ε) and b (ε) can be described through power laws with an R 2 0.96 and above. The generalised mass transfer correlations for square and staggered fibre arrangements are tabulated in Table 9 for both O 2 and CO 2 and are expressed as power law functions of ε. Table 8 . Parallel flow mass transfer correlation of O 2 and CO 2 at various ε in square and staggered configurations.
Contours
are displayed separately at the top and bottom halves of the domain for O 2 and CO 2 . Similar trends can be found for parallel as observed in transverse flows, i.e. for a given flow gas transfer improves for decreasing ε.
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Low et al. be expressed as power law functions for their respective parameters a and b. In this section, an example is given on how to use the correlations found in previous sections for the design of a blood oxygenator. Without performing any CFD, the gas transfer can be determined or compared for: (1) different flow directions, (2) fibre configurations and (3) porosities.
A blood oxygenator size of width (w = 6.5 cm), height (h = 6.5 cm) and length (l = 15 cm), adopted from the work of Dierickx et al. [13] , is used in this comparison. The aforementioned dimensions are based on the same cross-sectional area of the device with an average fibre length. Fibres are arranged in a manner that the flow is either perpendicular or parallel across the whole length of the device. This investigation is conducted at porosities ranging from 0.3 to 0.7. Furthermore, additional checks are carried out to ensure that cut-off points for transverse flow adopted in Section 3.2 remains valid for the defined porosity range. This can be approximated by dividing the width/height of the device by the spacing of each porosity and fibre configuration. We found that the maximum error relative to the cut-off point (125 fibres across one direction)
for both configurations is 5.23%. Therefore, the range of porosity (0.3 to 0.7) for this comparison is acceptable. Diameter of fibres are kept the same (380 µm) and are arranged as square or staggered configurations. A flow rate (Q) of 5 L/min is prescribed at the inlet. An average velocity, u, is computed from the flow rate which will subsequently be used for Re 
where V B , A surf and S p denote the blood volume in the packed fibre that is open to the flow, surface area of the fibres that is resisting the flow and spacing between fibre centres, respectively. directions at various porosity levels. It can be observed in general that the transverse flow has better gas transfer performance compared to parallel flow. The difference in flow direction appears to be apparent for O 2 with difference relative to their respective configuration ranging between 61% and 88%. In contrast, the difference in CO 2 mass transfer coefficient relative to their respective configuration is found to be smaller with the range between 2% and 50%. Furthermore, the effect of fibre BIO-16-1262
configuration dependency is observed to be subtle at ε = 0.7 and gradually increases as porosity increases. However, at ε = 0.3, it can be seen that the fibre configuration is extremely sensitive towards the oxygenation performance. The square fibre arrangement is observed to have a higher mass transfer coefficient (better gas transfer) from porosity 0.3 to 0.5 when the flow is perpendicular to the fibres. As for parallel flow, this behaviour tends to be contradicting.
It is worth comparing our findings with reported literature. To the authors' best knowledge, there have not been any investigations performed between different flow directions and fibre configurations using numerical simulations. To date, there are only two studies available in the literature, the work of Yang and Cussler [29] and Wickramasinghe et al. [6] , who have successfully compared mass transfer of two different flow directions experimentally. Qualitative trends are observed and the findings are consistent with ours, stating that transverse flow has better gas transfer than parallel flow. However, we found difficulty in conducting appropriate comparisons between the magnitudes of a and b parameters with the reported literature tabulated in Tables 1 and 2 . This is due to the lack of information in the description of geometrical features (e.g. shape and dimensions), experimental procedures (e.g. experimental fluid and gas type(s) for oxygenation) and operating conditions (e.g. flow rates). More importantly, the experiments for comparisons are mainly conducted on commercial and handmade prototypes using water to establish the mass transfer correlations whereas the current work focuses on the establishment of mass transfer correlations based on perfect fibres in an idealised configuration. It is observed that the experiments conducted are based on well-spaced fibre that are manually folded which may have a tendency of randomness compared to the idealised fibre configurations in our work. Also, end wall effects contain the possibility of redistributing the flow within the device which could affect the gas transfer. Furthermore, the consideration of the velocity term in the Re from these works are unclear and it is highly important as it will affect the Sherwood number and, subsequently, the mass transfer coefficient. For instance, if the velocity is computed based on the inflow, where the area is usually smaller than the area within the device, the Re will increase leading to a shift in mass transfer correlations and subsequently providing an inaccurate mass transfer coefficient. Therefore, it is important to ensure that an appropriate Re, based on the fibre bundle is used prior to calculating the mass transfer correlations and mass transfer coefficient.
We believe that this rigorous numerical investigation aimed at establishing mass transfer correlations will enable readers to initially assess and improve gas transfer performance on device prototypes without the need to conduct any necessary CFD simulations or experimental works. Furthermore, mass transfer correlations at present are typically fitted experimentally based on a whole blood oxygenator and it would be difficult to understand the underlying mechanism of oxygenation when one is looking to improve the performance of the device. Therefore, this work employs an approach to numerically investigate the problem based on first principles to really appreciate the ongoing oxygenation phenomenon. A summary of the procedure to provide readers with some guidelines on the methodology for evaluating the performance in a blood oxygenator is laid out as below:
4. According to 2, compute representable Sh ≡ Sh -refer to Section 3.2 Eqn. 14.
5. Establish mass transfer correlation (Sh = aRe b Sc 0.33 ) and identify parameters a and b -analogous to mass transfer correlation in Sections 3.3.1 and 3.3.2.
6. Compute u, Re and d h according to the device operating condition -refer to paragraph 2 of Section 4.
7. Utilise the mass transfer correlation from 5 to compute Sh.
Compute the overall mass transfer coefficient
If the fibre calculations are very close to the ones presented in this work, skip Step 3 -5.
Step 6 remains essential. The next step is to choose the appropriate a and b parameters from established mass transfer correlation Sh = a (ε) Re b(ε) Sc 0.33 in Table 7 or Table 9 and finally repeating Step 8 to evaluate the mass transfer coefficient.
Conclusions
Generalised O 2 and CO 2 mass transfer correlations for non-Newtonian transverse and parallel blood flow in uniformly arranged fibre bundles have been established numerically in order to provide an overall mass transfer description at oxygenator scale. Transverse and parallel blood flow and O 2 and CO 2 transport behaviour in an array of fibres being arranged in a square and staggered manner is being studied. The systematic investigation covers a range of ε levels which are found in typical commercial oxygenators and leads to correlations of the form Sh = a (ε) Re b(ε) Sc 0.33 .
An important investigation on the development of concentration across the domain is conducted and a set of power law expressions for Sh is established which covers the range from a deoxygenated blood condition to a fully oxygenated blood state. In order to obtain a representable Sh for the whole domain, a cut-off point based on the number of fibres or length is required to avoid under-or over-estimation. A typical commercial oxygenator feature is used to further demonstrate the methodology. The final generalised mass transfer correlations consist of eight geometrical, flow and gas type dependent expressions. They are found to be power law functions expressed as a function of ε as compared to constants reported in literature. The inclusion of ε dependency is proven to be essential, as presented in the numerical results, where the local Sherwood number varies significantly. The use of these mass transfer correlations are performed to determine the performance of gas transfer in a typical oxygenator size with a standard operating condition at various porosity level, fibre configuration and flow direction. Overall, the gas transfer for transverse flow is found to be better than parallel flow and is consistent with reported literature. Furthermore, the effect of fibre configuration is pronounced when porosity is lower than 0.5. The square configuration in the transverse flow performs better with aforementioned porosity range. However, an opposite effect is observed for parallel flow.
Despite the lack of reported information in experiments for comparison purposes, this set of mass transfer correlations based on rigorous numerical investigation will enable users to initially assess their prototype gas performance without the need to conduct any necessary CFD simulations and experiments. Future works include the consideration of end wall effects on the mass transfer correlations as they could redistribute the flow magnitude. Furthermore, this work could also be further extended by investigating the effect of pulsatility on the oxygenation and mass transfer correlations as it promote gas BIO-16-1262 Low et al.
mixing [28] , which could potentially further enhance the gas transfer efficiency. Table 10 . Transverse flow fitted parameters of power law functions for square (left) and staggered (right) configurations. 
